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1 Optionsfor |mplementing Polymorphism
Traditionally, there are several ways in which first clask/pmrphism has been implemented:

e Fully boxed: all data-structures are fully boxed (origiivdl[2])

e Coercions[3]: data-structures can have a custom unboxedgsentation, but will be coerced (by conversion at
run-time) into a boxed representation when they have to bequhas argument to a function requiring polymor-
phic argument.

e Dictionaries[4]: data-structures can be unboxed, but wetrpass extra type-parameters to functions.
e Hybrid[5]: Using a mix of coercion and dictionaries at vargevels.

e Full Polyinstantiation: Functions are customized peretyftnany compilers have used this too various degrees,
ex: C++ templates, MLton?)

Depending on which point we pick in the continuum of choidésre are different trade-offs w.r.t. the amount of
RTTI support needed, separate compilation, efficiencyezie, dealing with the var-args problem[5], etc. Shao[5]
discuss these trade-offs in detail (except for full polyamgiation).

In the bootstrap compiler for BitC[1], we decided to take lexpent polymorphism by full polyinstantiation. This will
also simplify the implementation of overloading (typesdas), at the cost of requiring whole-program compilation.
this document, we try to describe our approach to implemehtrporphism by polyinstantiation, and the associated
problems and their solutions.

2 Compiler organization

Currently, the compiler performs the following (major) pas:

Parse
Symbol resolution
Type inference

Location semantics checking
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6. Closure conversion and lambda hoisting
7. SSA transformation

8. Backend (currently C) emission

The passes 1-4 shall hereinafter be termed as "fronten@passd passes 6-8 as "backend-passes.”

All passes up to the SSA pass (including intermediate sfioation passes) are Bitc AST--Bitc AST transforma-
tions. Even the output of the SSA pass is a mostly-bitc ASTh @dme extra annotations. This has the advantage that
we can re-run the symbol-resolver and type-inference afieh pass that does some AST transformation, and be sure
that the compiler did type-correct transformations. Thikalso reduce the burden on developers to build correct typ
records whenever an AST-change is introduced. This aldite-run the resolver and type-checker (hereinafter dalle
the R&T step) is also heavily used in the implementation dyipstantiation.

The front end is done one unit of compilation (one interfacsa@urce module, abbreviated as UOC) at a time, or,
in an interactive environment, one top level form at a timéwe Tront end also pulls in other dependent interfaces
and also processes them. After the frontend is done, thensténtiator comes into play. It receives a set of FQNs
(entry point3 that must be instantiated in this pass — for exanipid,c. mai n. nai n, or the current expression in a
top-level interactive loop. It starts out from these as s@otd constructs an output-UOC in an on-demand basis. Then,
it passes this output-UOC to the backend passes.

3 What must be Polyinstantiated?

We have three main issues with polyinstantiation:

e Polyinstantiation of top-level definitions. For exampfeawo instantiations of the identity function:

(define (id x) x)
id: (fn ("a) "a)

have type¢fn (bool) bool) and(fn (int32) int32),thenthe definition of d is polyinstantiated
to two definitions as:

(define id#fn_bool _bool:(fn (bool) bool)
(lambda (x) x))
i d#f n_bool _bool : (fn (bool) bool)

(define id#fnbool bool:(fn (bool) bool)
(lambda (x) x))
i d#f n_bool _bool : (fn (bool) bool)

e Polyinstantiation of local definitions (definedlagt , | et r ec)

e Any user defined types / constructors used in the polyinisteeat value definitions must be transitively polyin-
stantiated.

e All calls to type-class methods must be replaced with th&aimgation of functions defined in the appropriate
instantiation of that class.

4 The Polyinstantiator

4.1 Environment Handling

The polyinstantiator needs an environment in which we hiageshtries from all interfaces and modules so that newly
instantiated definitions can be R&Ted (see Section 4.3). &fér to this environment as Mega-ENV, and it contains



symbol, type and typeclass-instance information from &iQ@s$. Moreover, since the Mega-ENV contains inter-UOC
information, it must always be indexed by the fully qualifiemimes (FQNSs) of all variables. In order to polyinstantiate
a definition completely, we must construct such an envirartraed pass it to the specializer.

How should the Mega-ENV be built? Of course, for the first timve must build it by iterating over all the environ-
ments of all interfaces and source modules and build a newaemaent based on their FQNs. However, we don’t
want to do it every time we enter the instantiator. Since letbat the interface-list and the source-module list are
append-only —they are append-only in the case of an infeeginterpreter; in the case of static compiler, these hsés
frozen — we can note the previously last processed inditeghiese lists, and only processes additions each time. In
the case of a compiler, interfaces and source module emaigats are immutable once the entire module is processed.
However, in the case of an interactive interpreter, theexactly one unit of compilation that is ever expanding, and
the instantiator must cope with this. So, we mark this UOCdamic,” so that the instantiator will re-process it
every-time.

Once the Mega-UOC is built, we set it up as gaentof the unified-UOC's environment into which new definitions
are emitted. Thus, when we try to R&T a newly instantiatedrdiédin, not only are all the old definitions and
instances available but also all the polyinstantiated d&fivts. Appropriate name mangling is used to ensure that no
polyinstantiated definition will ever collide with an origal definitions. Moreover, all typeclass instances areirequ

to be globally distinguishable with respect to the wholegpaan. Thus, we will have no collisions here either.

Once we have updated the Mega-ENV, we call the Specialieeti@ 4.3 on each (input) entry-point.

4.2 Name mangling

Every identifiern d with FQNf gn and typet yp is replaced with the mangled name:
-+ length(fgn) + fgn + # + mangl ed_string(type)

The ‘+' operator is meta-syntax for string pasting, and is not & pathe new identifier's namel engt h is the
obvious string length function antangl ed_st r i ng function returns a unigue string representation of evepgty

For example, the typki st defined in the interfacki t c. pr el ude, if instantiated to the typél i st i nt 32)
will have the namel7bi t c. prel ude. | i st #URL 4l i st 5i nt 32.

4.3 The Specializer

The following is the algorithm for the Specializer: It takas input the AST of a (possibly polymorphic) definition,
and aconcretetype to which this definitions must be instantiated. In theecaf polyinstantiating a local definition, it
takes in a let-binding. It returns the newly instantiateghitifier (not the entire defining form).

The Specializer maintainsworklist of definitions currently being processed, to ensure thairsidee definitions do
not cause the instantiator to go into an infinite loop. All R&ih the following algorithm should be understood to be
performed with respect to the environment of the Unified-UOC

1. See if the desired identifier has been instantiated fodé&sered type by searching the Unified-UOC's environ-
ment. If found, just return the identifier for the correspaongddefinition.

2. Examine the worklist whether we are in the process of mitting the current definition. If so, emit a dec-
laration if we are instantiating a global, and return theniifeer being declared. If we are in the process of
instantiating a local definition, we don’t need a declarmaten just make-up the right name for the local instan-
tiation and return it.

3. Copy the incoming AST — always copy the definition (rattart the declaration) if one exists.

4. If we are instantiating a type definition to a concrete tiypp, instantiate the structure to the maximally mutable
type that is copy-compatible withy p (See Appendix D.)



5. Mangle the name of the identifier being defined dependintperesired type, and also change any recursive
usages of the same name within the current definition. Fanela

(define _8nmyMod. i d#Fn_4bool _4bool (Il anbda (x) X))

6. Clamp the type of this AST to the desired type by introdga@mualifier. For example, to instantiatd to (f n
(bool) bool), we write:

(define _8myMod. i d#f n4bool 4bool : (fn (bool) bool) (lanbda (x) x))

Here, we musbverwrite any qualifications already done by the user because we wii Istrictly more
information, and we cannot write the qualification anywhelge (for example, on the RHS) due to copy-
compatibility[6].

If we are specializing a type definitiod¢f st r uct / def uni on), then replace the usage of type-arguments
to that type with concrete types, and erase the argumerof likat type.

7. R&T the new definition (or let-binding) so that the typeshie body of the definition get clamped aiding further
instantiation. After successful R&T, throw away any chasgethe environmert.

In the case of a let-binding, we must R&T the let-binding widspect to the local environment(which the
resolver, type-inference engine will have as part of the A$Towever, if we receive a let-binding as input,
we must be called from recInstantiate (Section 4.4, whichmsehat the containing definition has already been
R&Ted in the Unified-UOC environment. So, the local enviramhwill have the Unified-UOC'’s environment
and thus the Mega-ENV as parents.

8. Add the mangled name plus a unique identifier of the AST d#istantiated onto the worklist. The unique ID
is required because names of local instantiations miglitieol

9. Recursively instantiate the body of the newly instartiaAST (Section 4.4).

10. After the current AST is completely instantiated:

¢ In the case of a global instantiation, append it to the mogutee Unified-UOC. R&T it once more but
keep changes to the environments so that further instartg@can use it.

¢ Inthe case of a local instantiation, add the instantiatetileding to the inner-wrapper of the currdngt
expression (Section 4.4).

11. Remove the current definition from the worklist, and metthe identifier corresponding to the definition just
instantiated.

4.4 Therecursive I nstantiator

The recursive instantiation propagator (recinst, for shavill walk throughnewly instantiatediefinitions and look
for usages of other definitions and call the specializer @sehdefinitions. There are a couple of special cases that
recinst must handle:

1. Casd.anbda/ swi t ch? These expressions bind new variables (argument/locakhdnt not polymorphi-
cally. Therefore, just replace the names of all bound idiensi with their mangled-names. Also, replace all
use-cases of these identifiers. Later, recinstantiatedtlg frest of the AST).

2. Case Type-qualified expressioReplace the type-qualification with an explicitly conerégpe from the type-
obtained. Otherwise, type-variable scoping will play havespecially while dealing with let-polyinstantiation.
RAT the (AST for) type-qualification, and recinstantiate it.

1 1t might seem that this R&T can be done with respect to theimaigJOC in which the current definition is defined, and theved need to
construct a Mega-ENV, bit this is not true (Appendix B).
2 To be specific, each leg of a switch expression, excepbtirer wi se clause.



3. Case Int/Float Literal Since we no longer have type classes after polyinstaotiggiveryint / float literal must
be qualified with the precise type.

4. Case ldentifier usageWe should now fetch the definition and (poly)instantiate ktowever, this has some
sub-cases:

o If the identifier is a value constructor, instantiate its zomer type fully.

e If the identifier is a type-class method, fetch the impleragah from theappropriateinstance. Note that
there must exist an instance that will satisfy this usagehasptogram was declared type-correct. An
instance may provide, as implementation for a method of tiypeclass, a method from another class.
Therefore, this process must be repeated until we find a™feattion to instantiate.

e Otherwise, this is a “normal” identifier usage, just fetck trefinition of this identifier. In the case of a
local definition, the definition is the corresponding letdiing.

After fetching the right definition to instantiate, call gjdizer with this definition, and the type required by the
use of the definition. In case the type of the use case of theiti@fi is non-concrete, fix it to some concrete
type (sayuni t 3) before calling the specializer. Replace the identifieigesaith the identifier returned by the
specializer.

5. Casel et/ | etrec:

e Wrap the body of the current definition with another (resppegtl et / | et r ec container with empty
bindings (See Appendix C). For example:

(let ((id (lambda (x) x))

(id ())
(id #))

is changed to

(let ((id (lambda (x) x))
(let ()
(id ())
(id#t)))

e Now reclnst the body of the let-expression (not the binding$is will (probably) trigger instantiations
of the local bindings, while the specializer will add to theérl et expression.

o After the body is completely instantiated, carry forwarg (bcinstantiating) all non-polymorphic bindings
in the outer definition onto the inner definition. This mustdmme in order to preserve their side-effects.
Note that polymorphic expressions cannot have side-eaffihot to the value-restriction[1].

e Finally, discard the outer wrapper, and declare the inrer expression as “the” real AST. In case no
bindings are carried forward (all the bindings were polyptic, and unused in the body), just drop the let
and declare the body as the instantiated expression.

5 Comments

We have explained the mechanism of implementing polymemHiy polyinstantiation used in BitC. It should be
noted that since the polyinstantiator instantiates ASTdemand, it performs the “tree shaking” optimization by con-
struction. That is, only those definitions (including libraode) that are ultimately required for the correct exanut
of the program are processed and emitted by the backend obthpiler.

3 We may want to instantiate it to some well-known dummy typéhso we can properly pretty-print it for the user.
4 This is an invalid AST, but we will fix it before R&Ting it.



A TheBIig-AST approach to polyinstantiation

This section describes how polyinstantiation was oridyniahiplemented in the compiler, and identifies some associ-
ated problems with it. Here, we only deal with instantiatidriop-level definitions.

1.

5.

After all the front-end passes have been run on all intesand source modules (successfully), perform a ‘link’
step. Here, build a new source module (called big-AST) byeadmg all top-level forms from all interfaces
and source modules (in that order). While building this BigT, the names of all identifiers being defined is
replaced with their fully-qualified names (FQNSs) to ensusa-collision.

. R&T the big-AST. If there are any link-time errors, abdttse, we have a properly typed big-AST. We also have

an _environment where all the definitions in the entire program exist. This ba used in further resolution /
typing of new definitions introduced during polyinstantiat We have now also seen all (typeclass) instance in
the entire program. The instances are required to be glpbali-interfering wrt the entire program.

. We maintain a ‘todo’ list of things that we want to emit irttte backend. We start from this list and must

emit these definitions as well as those required by them -sitreely — into the backend. Initially, this list is
something like bitc.main.main, any external definitiond arceptions, etc. All of the things in initially in the
todo list must have concrete type. Call the procedure ‘Sypieel (see below) on each item in the todo list (on
its own type) till it becomes empty.

After all specializations is done, remove glbolymorphic ASTs that are unreachable. (Polymorphic definitions
cannot induce state changes].

. Rearrange the big-AST in dependency order so that the fuséype or definition comes after its definition.

Optionally, redundant declarations may be removed at thjs. s

R&T the big-AST once again to ensure validity and we areedon

The algorithm for Specializer: Specializer takes 2 argutmar(possibly polymorphic) definition, and a type to which
desired instantiation is desired. [Note that the definituat is being specialized is already in the big-AST]

1.
2.

If the desired definition has been instantiated for thérelésype, just return.

If specialization is requested on a declaration, and ifhaee a definition, first specialize that, then emit a
declaration based on the name of the specialized definition.

. If the requested specialization is on a union constryusfmecialize the entire union.

. If the specialization is on a type-class method, look wplist of available instances. get the instance and

specialize that instead. Note that this step handles thee whsre the instance of one method is satisfied by
another method as well.

. Now that we have a definition to specialize, make a copy@fifinition’'s AST. Mangle its name based on the

name plus the target type desired (there is a unique mangéyéoy type).

. Clamp the type of this AST to the desired type by introdg@rgualifier. In cases of specializing a type, replace

all type arguments with concrete types.

. R&T this definition in the big-AST environment. This willbBd new type records for the body of the definition

which we can later use for further instantiations.

. Recursively walk the body of this definition and add anyeottefinitions needed by this body to the todo list.

Note that this must add all definitions used regardless oftédrethis involves specialization or not, because
they may contain other concrete uses of other polymorpHinitiens that are not exposed by the outer type.

. Finally after the entire AST is specialized again R&T itake sure we are fine and add it to the big-AST. After

the definition is processed, fix the use to of this definitioecgase of which we started specialization) to refer
to the new definition.



However, the above algorithm has the following drawbacks:

e It forms the bigAST from all the definitions known in the emstiprogram, rather than doing it ‘on-demand’
one-output point at a time. In this sense, it is one-shotgitenfriendly and may not scale to an interactive
interpreter.

e It mutates the big-AST in place, and is thus not "functiorialtyle — something that is much desired keeping
the next version of the compiler in mind.

e It needs a post-instantiation dependency analysis andlering as the definitions are not emitted on a demand-
driven basis.

B Why do we need the Mega-ENV?

Suppose that we do not have a Mega-ENV, but instead Bvery new definition in the environment of the UOC in
which the original definition was present. Now, Considerftiilowing UOCSs:

(interface IF1
(proclaimU D (fn ("a) "a))
)

(nmodul e SML
(provide if1 IF1)
(defunion (un "a) (Cr c:’a))
(define (U DXx) (Cr x) x)

)

(nmodul e SM2
(defstruct St st:bool)
(define p (UD (St))

)

If we want to instantiate p:

1. We start with SM2’s environment, need to instantiate p.v@copy the definition of p as:
(define _5SM2. p#URG6SM2. St: SM2. St (UID (St)))

and type it in SM2’s environment, everything is OK.

2. Now, we need to recurse over this definition, we encounltBy, get its definition, see that it is a proclaimation,
and get its real definition. Then, we make a copy of this définjiand modify it:

(define U D#FN.1_6SM2. St 6SM2. St: (fn (SM2.St) SM2. St)
(lambda (x) (SML.Ctr x) x))

Now, we must type it. Which environment should we type it in@ b SM1 because we don’t know ‘St’ there,
and not in SM2 because we don’t know ‘un’ there. Not in the Af§jf environment as there is nothing relevant
there.

There is no single environment which has enough informatidgpe this new definition, unlike the original (take-1)
scheme, where we were forming one big AST comprising of diihiteons. So, the conclusion is that even though
the unified-AST can be formed on demand, R&Ting the new dafimtmust be done in a totally-rich environment
similar to the take-1-big-AST’s environment.



C Moreabout Local Instantiations

Why do we need an extra wrapper (as described in Sectiondr.4)dtantiating et orl et r ec bound definitions?
For example, in the following expression,

(define top
(let ((id (lanmbda (x) x))
(id ())
(id #t))
()

i d must be instantiated locally to two functions with tyddsn (()) ()) and(fn (bool) bool). It might
seem, that the instantiator can add extra bindings to theictiret expression, and instantiate it as:

(define top
(let ((id (lambda (x) Xx)
(i d#FNA4unit 4unit: (fn (()) ()) (lambda (x) X))
(i d#FN.4bool 4bool : (fn (bool) bool) (lambda (x) x))
(1 d#FN4unit 4unit ())
(1 d#FN.4bool _4bool #t)

0)

And later drop the polymorphic definition ofd. While this works fine foii d, it will fail in more complicated cases.
For example:

(define top
(letrec ((odd (lanmbda (x) (even x)))
(even (lanmbda (x) (odd x) )))

(even 0:int32):int32))

The original type for botlodd andevenis (fn (' a) ' b). When we process the body of thet r ec, we see
thateven must be specialized f@¢rf n (i nt 32) i nt 32), so we get:

(define top
(letrec ((odd (lanmbda (x) (even x)))
(even (lambda (x) (odd x) ))
(even#FNLb5i nt 325i nt 32: (fn (int32) int32)
(lambda (x) (odd x) )))

(even#fnint32.int32 0:int32):int32))
Now if we R&T this form, we get:

odd: (fn (int32) int32)
even: (fn (int32) int32) and
even#FN.5i nt 32.5i nt 32: (fn (int32) int32)

since all let-bindings are typed and generalized togetBer.any further usages ¢fven 200: i nt 64) or (odd
#t) will fail. Therefore, we should not add new let-bindings teetsamd et expression, but introduce an inner
let-binding, that will encapsulate the body. After one stémstantiation, the above expression will now get modified
as:



(define top
(letrec ((odd (lanmbda (x) (even x)))
(even (lanbda (x) (odd x) )))

(letrec ((even#FNS5int325int32:(fn (int32) int32)
(lambda (x) (odd x))))))
(even#FN5i nt 32.5int32 0:int32):int32)))

Now the types at the original let-binding are left unchanggt the symbols in the innéret r ec are built on a
per-use basis. Further specialization must be careful ibthings to the innet et r ec and not create a nelvet
form for every binding — especially in the case of at r ec. Of course, in the end, we will have to carry forward
all non-polymorphic definitions in the original let-bindjrthat were not already specialized/referenced, and d®p th
original letbinding.

(define top
(letrec ((even#FNS5int325int32:(fn (int32) int32)
(lambda (x) (odd#FNJ5int325int32 x)))))
((0odd#FN5i nt 32.5i nt 32: (fn (int32) int32)
(lambda (x) (even#FNJ5int325int32 x)))))
(even#FN5i nt 32.5int32 0:int32):int32)))

D Copy-compatible and Polyinstantiation

Consider the following definitions:

(define nb: (mutabl e bool) #t)
(define pl:(pair bool (mnmutable bool)) (pair #t nb))
(define p2:(pair (mutable bool) bool) pl)

nb: (nutabl e bool)
pl: (pair bool (nutable bool))
p2: (pair (nutable bool) bool)

Now, if we want to instantiatpl andp2, the typepai r will consequently be poly-instantiated to the following
structures:

(defstruct _17bitc. prel ude. pai r#SvV220_17bi tc. prel ude. pai r M4dbool _4bool : val
3f st: (nmut abl e bool)
_3snd: bool )

(defstruct _17bitc. prelude. pai r#SvV220_17bi tc. prel ude. pai r 4bool M4bool : val
_3f st: bool
_3snd: (mut abl e bool))

Now, the instantiation g1 hasthe typel7bi t c. pr el ude. pai r #SV220_17bi t c. pr el ude. pai r M4bool _4bool
and the instantiation gf2 hasthe typel7bi t c. pr el ude. pai r #SV2_20_17bi t c. pr el ude. pai r 4bool M4bool .
Therefore, the initialization of p1 from p2 will not type-etk, as they now have different types, and not different
instantiations of the same type.
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